› ACL injury involves sagittal plane and rotatory instability; with its reconstruction aimed at restoring this instability. There remains room for improvement in long-term clinical outcomes and preventing recurrent instability. Therefore, it is important to understand the biomechanical parameters that require attention during reconstruction to optimize patient outcomes. › In the setting of ACL injury, the armamentarium of the orthopaedic surgeon includes multiple physical examination maneuvers, quantitative measures of knee instability, and advanced imaging to determine the pattern of instability and inform surgical planning. The pivot shift phenomenon, as a measure of rotatory instability, is one of the key biomechanical parameters which must be restored after reconstruction and which is not fully restored by non-anatomic ACL reconstruction. › Anatomic ACL reconstruction represents the "gold-standard", as it has demonstrated enhanced ability to restore rotatory instability, reduce anterior tibial translation, and improve patient reported outcomes compared to non-anatomic techniques. Repair of concurrent ligamentous and meniscal injuries, as well as possible extra-articular procedures, may enhance the restoration of rotatory stability. Lateral extra-articular tenodesis may be indicated in patients with high pivot shift, who play sports with aggressive rotatory motion, or who have generalized laxity. › This article details the approach to knee instability following ACL rupture and the optimal techniques to restore the rotatory stability post-reconstruction. Both physical exam and imaging remain invaluable tools for determining the appropriate treatment approach. There exist a subset of patients, who have persistent rotatory knee instability, despite successful ACL reconstruction, which is not without consequence, given that residual rotatory knee instability is associated with worse postoperative outcomes (12) . Though "failure" of a primary ACL reconstruction has been defined in multiple ways, with no universal definition in current practice, approximately 18% to 40% of patients experience recurrent subjective instability or inability to return to previous level of sports participation (5, 6) . In fact, ACL reconstruction failure within the first year has been seen with graft failure and recurrent instability due to technical error or unrecognized associated ligamentous injuries (51) . This article reviews the patient evaluation of instability after ACL rupture and the surgical techniques to restore stability with ACL reconstruction.
Physical Exam
ACL insufficiency is associated with rotatory instability, and frequently presents with concurrent injury. Several physical exam maneuvers have been described in the diagnosis of ACL tear (24) . The anterior drawer and Lachman tests have high sensitivity (94.4% and 93.5%, respectively) (38) for ACL rupture, but only evaluate sagittal plane laxity. Alternatively, the pivot shift test can be used to assess rotatory laxity. Examination of the medial and lateral collateral ligaments, posterolateral corner, posterior cruciate ligament, and menisci are equally important to determine concurrent injuries which may be contributing to rotatory instability.
Pivot Shift Examination
Initially described in 1972, the pivot shift test was developed to examine lateral compartment rotatory laxity with ACL insufficiency (17) , and is graded on a subjective scale: grade I (glide), grade II (clunk), and grade III (gross) (27) . The pivot shift maneuver reproduces the subluxation event that occurs at the time of ACL rupture. A positive test is seen with a rapid reduction of an anteriorly subluxated lateral tibial plateau as the knee is brought from extension into flexion with an internal rotation and valgus stress (7) . The pivot shift test has the highest speci-ficity for ACL rupture (97%-99%), as compared to the anterior drawer and Lachman tests, and the highest positive predictive value (44) .
There can be variability in the pivot shift test depending on examiner technique and familiarity. Additionally, significant differences in objective pivot shifts have been reported between conscious and anesthetized patients (37) . Quantitative pivot shift testing is increasingly used to provide objective data for defining rotatory laxity (2, 8, 25, 32, 40, 54, 55) . When clinical pivot shift was divided into high grade (grade II or grade III) and low grade (grade 0 and grade I), quantitative pivot shift shows significant differences in lateral compartment translation and acceleration (p<0.05) (40) . In fact, there is also a correlation between generalized joint laxity and quantitative pivot shift values in the contralateral healthy knee of ACL-injured patients (Rho 0.235, p<0.05) (48) . Therefore, non-invasive quantitative pivot shift measurements can be useful preoperatively to quantify the degree of rotatory laxity, intraoperatively to assess the success of restoration of rotatory stability, and postoperatively to track graft healing and stability during recovery.
Imaging
Advanced imaging is the mainstay for evaluation of rotatory knee instability and associated injuries. Magnetic resonance imaging (MRI) has become the "gold-standard" for diagnosis of ACL injury, with both high sensitivity (90-95%) and specificity (95-100%) (29) . A diagnosis of ACL rupture is based upon common findings of ACL change in morphology (i.e. disrupted, attenuated, edematous), anterior tibial translation, and typical bone bruising pattern on the lateral femoral condyle and lateral tibial plateau. MRI must be carefully assessed for associated injuries including the collateral ligaments (22.5%) (33), posterolateral corner (11%) (33) , and the menisci (48-62%) (19) . Clinical correlation with the patient's symptoms, objective physical examination findings, and intraoperative assessment is essential in determining the appropriate surgical reconstruction plan.
Anatomic Reconstruction
Anatomic repair or reconstruction is a guiding principle of orthopaedic surgery and has been shown to lead to improved Reconstruction in ACL Rupture patient reported outcomes, decreased anterior tibial translation, and increased rate of negative pivot shift in ACL reconstruction compared with non-anatomic reconstruction (26) . Biomechanical studies have shown that an anatomically reconstructed ACL has similar rotatory stability to the native ACL, but non-anatomic ACL reconstr uction does not restore the rotatory instability (52) . Non-anatomic ACL reconstruction also shows increased anterior laxity with internal rotation at 30 degrees of flexion (35) . Furthermore, double-bundle anatomic reconstruction was shown to restore 97%±9% of the in situ forces, while single-bundle reconstruction only restored 60%±40% of the in situ forces seen in the native ACL (26) . In a prospective randomized controlled trial comparing conventional single-bundle reconstruction, anatomic single-bundle reconstruction, and anatomic double-bundle reconstruction, the double-bundle reconstruction provided the best stability at 5-year follow-up (26) . Non-anatomic reconstruction had increased side-to-side KT-1000 anterior translation and a higher percentage of patients with persistent rotatory instability compared to anatomic double-bundle reconstruction at 5-year follow-up. Side-to-side KT-1000 differences were 1.2mm, 1.6mm, and 2.0mm in the anatomic double-bundle, anatomic single-bundle, and non-anatomic single-bundle groups, respectively. The pivot shift test was negative at 5-year follow-up in 93.1% versus 66.7% versus 41.3% in the anatomic double-bundle, anatomic single-bundle, and non-anatomic reconstruction, respectively (26) . Clinical outcome differences have not been as clear as the biomechanical data. A large meta-analysis investigating transtibial versus independent drilling techniques for ACL reconstruction reiterated the biomechanical advantage of anatomic reconstruction, but failed to show a difference in International Knee Documentation Committee (IKDC) or Tegner scores (46) . This growing body of research supports anatomic single-and double-bundle ACL reconstruction to restore rotatory knee stability associated with ACL injury, but further studies are needed to show the long-term clinical benefit.
There has been a resurgence of interest in primary ACL repair to restore anatomic orientation of the ACL and maintain proprioception, but systematic reviews, and randomized trails comparing ACL repair with and without internal bracing to ACL reconstruction have shown increased rates of failure, decreased patient function, and increased rotatory instability in patient undergoing primary repair (15, 20) . At this time, there is no proven role for primary repair in ACL reconstruction to restore rotatory stability.
Operative Considerations

Examination Under Anesthesia
Assessment of sagittal plane and rotatory knee instability is performed after induction of anesthesia. Patients under general anesthesia show significantly increased pivot shift grading and anterior tibial translation (3.0±2.1mm versus 2.2±1.7mm in awake patients, p<0.01) as compared to awake patients (37) . Preoperative exam under anesthesia can confirm diagnosis and depict the degree of laxity. Subsequent intraoperative exam under anesthesia offers objective feedback on the success of the restoration of stability. Persistent rotatory or sagittal plane laxity seen intraoperatively should be addressed through the repair of additional injured structures or potentially augmentation with an extra-articular procedure, such as a lateral extra-articular tenodesis (21) .
Tunnel Position
Femoral tunnel malposition has been cited as the most frequent cause of ACL reconstruction failure and persistent instability (13) . The location and orientation of the femoral tunnel are of critical importance during ACL reconstruction. Common issues are anterior placement of the femoral tunnel relative to the native ACL insertion and a more vertical orientation of the tunnel and graft. Anteriorly placed femoral tunnels produce grafts tight in flexion and may lead to loss of knee flexion (28) . Posteriorly malpositioned tibial tunnels can have the same affect with loss of flexion. The non-anatomic anterior and high femoral tunnel also creates a more vertical graft orientation. Vertical orientation of the graft restores sagittal plane stability, but does not restore rotatory stability as compared to an anatomic reconstruction (1, 34) .
Transtibial femoral tunnel creation has been shown to result in more vertical femoral tunnels, predisposing patients to recurrent rotatory instability and increasing the risk of revision surgery (9, 14) . The use of an accessory medial portal for Rekonstruktion bei Vorderer Kreuzbandruptur drilling the femoral tunnel in the anatomic femoral footprint and at a more horizontal orientation improves the overall graft biomechanics (46, 50) .
Surgical Repair of Associated Injuries
It is crucial to recognize associated injuries when determining the treatment plan for ACL injuries. Associated injuries commonly seen with ACL rupture include medial or lateral meniscus, including posterior roots, collateral ligaments, posterolateral corner structures, and the anterolateral complex (ALC) (16, 30, 41, 42, 49) . Greater objective rotatory laxity can be observed in patients with lateral meniscus lesions, anterolateral capsular injury, increased posterior tibial slope, and participation in pivoting sports at the time of injury (43, 47) . In addition, MRI evidence of a concomitant injury to the anterolateral capsule, medial meniscus, or lateral meniscus has been shown to be associated with increased quantitative, standardized pivot shift test in patients with an ACL injury (43) . High-grade rotatory instability is more frequently seen with medial and lateral meniscal tears, while concurrent MCL or posterolateral corner injuries may only lead to low-grade rotatory instability (41) . Anterolateral capsular injury is present in 50% of acute ACL tears, but there is increasing evidence that the inconsistently present thickening of the anterolateral capsule of the knee is neither biomechanically nor clinically important (10, 22, 39) .
The general principal of the surgery after ACL rupture is to restore the native anatomy to maximize restoration of rotatory stability. Given the previously described increased quantitative laxity with associated lesions, repair or reconstruction of those concomitantly injured structure should be performed at the time of ACL reconstruction. This includes repairing medial and lateral menisci and repairing or reconstructing collaterals or the posterolateral corner in order to optimally restore knee stability and prevent increased strain on the ACL graft. "Ramp lesions", involving the posterior horn of the medial meniscus, are seen in 16% of injuries and represent a destabilizing injury which should be corrected at the time of ACL reconstruction (36) . Medial meniscus repair has been shown to reduce tibial translation in a cadaveric model (3) . The goal is to formulate an individualized approach to the ACL reconstruction and associated injuries.
Lateral Extra-Articular Tenodesis
The specific evidence-based indications for lateral extra-articular tenodesis (LET) have yet to be defined, but has been recommended for use in revision ACL reconstruction, severe rotatory instability, participation in pivoting/high risk sports, and generalized ligamentous laxity (18) . LET has been proposed as a technique to improve rotatory laxity of the knee in the setting of ACL reconstruction (21) . In the setting of single-bundle ACL reconstruction, LET reduces varus/valgus laxity, as well as internal/external rotation in full flexion, but did not restore pivot shift, as compared to anatomic double-bundle reconstruction (53) . In a cadaveric model of ACL rupture and anterolateral capsule injury, ACL reconstruction together with LET reduced anterior translation of the lateral tibia during pivot shift as compared to isolated ACL reconstruction (23) . In addition, LET was a necessary augmentation to ACL reconstruction to restore rotatory stability in response to an internal tibial torque in the anterolateral capsule deficient knee (21) . Improved rotatory stability with LET may help to prevent graft elongation (45) . However, it has also been shown that LET augmentation in the setting of isolated ACL rupture does not improve stability beyond typical intra-articular ACL reconstruction (4, 23). Furthermore, combined ACL reconstruction and LET can over-constrain internal rotation of the knee when the anterolateral capsule is intact (23) . The authors consider LET in ACL rupture patients with high grade quantitative pivot shift, including greater than 6-8mm lateral translation and 10m/s 2 acceleration, revision ACL reconstruction with a persistent high-grade pivot shift after managing associated injuries, and ACL reconstruction in the setting of generalized hyperlaxity. LET is avoided with isolated ACL rupture and low quantitative pivot shift test.
Case Example
A 14-year-old male presented to the clinic with a right knee injury, two weeks after sustaining a non-contact pivoting injury to the right knee while playing football. He was diagnosed with a complete femoral-sided ACL tear and a posterior horn lateral meniscus tear. After discussion with the patient and his parents, they elected for surgical intervention. Examination under anesthesia findings included grade 2 pivot shift, 2B Lachman, 3.2mm translation on quantitative pivot shift (1.7 mm side-to-side difference), and 9.2m/sec 2 (1.6m/sec 2 side-to-side difference) acceleration on accelerometer testing. Diagnostic arthroscopy revealed a complex, radial tear posterior horn lateral meniscus and complete femoral-sided ACL tear. He underwent ACL reconstruction with quadriceps tendon autograft and lateral meniscus repair (Fig. 1) . Given his high degree of quantitative preoperative rotatory instability, a modified Lemaire's lateral extra-articular tenodesis was also performed routing a 5cm long by 5mm wide strip of IT band deep to the lateral collateral ligament and fixed to Lemaire's point (31) in 60 degrees flexion with an extra small staple (Fig. 2 ).
Conclusion
Restoration of rotatory stability after ACL rupture requires careful preoperative assessment and surgical planning. Anatomic ACL reconstruction and repair of associated meniscal and ligamentous injuries is the mainstay of treatment. Lateral extra-articular tenodesis can be used to augment ACL reconstruction in the setting of associated anterolateral capsular injury with high grade pivot shift, revision ACL reconstruction and persistent instability after addressing concomitant injuries, and possibly generalized ligamentous laxity.
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